This work constitutes a guide towards the preparation of metal-organic framework materials (MOF) supported and/or confined in activated carbon monoliths (ACM). The resulting hybrid porous materials exhibit improved physico-chemical properties as compared with their parent constituents. The different hybrids were obtained exploring several experimental approaches, which were thoroughly discussed. All hybrids were characterized by N 2 adsorption isotherms, SEM, TGA and XRD techniques. The characterization studies pointed out that the preparation conditions are of paramount importance in defining the nucleation and growth of HKUST-1, either outside of the carbon grains (surface coating), and/or in the internal pores (bulk confinement). While the surface coating was achieved by directly synthesizing the MOF in presence of the ACM (i.e. in-situ synthesis), bulk confinement is favored after applying an additional step that involves a pre-nucleation at low temperatures (5 °C). The hybrid material with the best performance, sample A5(1), shows enhanced mechanical properties compared to its parent counterparts, combined with high apparent surface area (up to 1300 m 2 /g), an improved crushing strength (about 8 times superior to ACM) and a geometrical density of around 0.45 cm 3 /g, which almost duplicates that of ACM. Last but not least, the adsorption behavior of the hybrid was tested for CO 2 and CH 4 adsorption. Application of IAST equation to the single component adsorption
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Introduction
Metal-Organic Frameworks (MOFs) are a novel type of nanostructured porous material formed by metal ions or metal oxide clusters linked by organic molecules. After the activation treatment, i.e. elimination of the solvent, they show an extraordinarily large surface area and a high porosity which are tunable owing to the versatility of its chemical structure [1] [2] . MOFs have attracted intensive interest in the last few years in multiple fields including storage/separation of gases [3] [4] [5] , heterogeneous catalysis [6] , and biomedical application such as drug delivery [7] .
Among MOFs, Cu(II) benzene-1,3,5-tricarboxylate (also called HKUST-1) has shown promising results for selective CO 2 adsorption over CH 4 and N 2 [5] . Furthermore, it was recently published that HKUST-1 can reach the new volumetric target of the Department of Energy of the United Stated (263 V/V) for methane storage at high pressure, although these values were obtained using the crystallographic density of the MOF [3] . From a practical point of view, the consideration of the bulk density seems to be more reasonable for volumetric calculations. Unfortunately, HKUST-1 has a very low bulk density that cannot be improved using a conventional conforming step due to its delicate framework structure [8] .
Our previous studies [9] have shown that growing HKUST-1 inside the cavities of a porous carbon is a promising approach to increase the mechanical properties of the MOF due to the protective role of the carbon walls against external loads, but keeping unaffected its adsorption properties. These studies have anticipated that hybrid materials are a promising alternative to overcome the conformational issues associated to MOFs.
Monoliths with both large geometrical/dimensional density and good mechanical properties are still needed instead of a fine powder in order to facilitate the material handling in the industry (e.g.
eliminate dusting problems) and to achieve a reasonable working capacity in volumetric basis for gas storage or gas separation technologies (e.g. pressure swing adsorption, PSA). Herein, we propose a new method to manufacture MOF@activated carbon monolith (ACM) hybrids directly in disc-shaped M A N U S C R I P T
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3 avoiding the conforming step used in previous works [8] [9] . Therefore, a binderless activated carbon monolith from petroleum residue will be used as a guest structure.
Petroleum residues (ethylene tar) after the carbonization process produce a mesophase pitch (MP) that shows self-sintering ability (more details about the MP characteristics can be found elsewhere [10] [11] ).
This property allows the mesophase grains to sinter during the activation process, allowing the preparation of nanoporous monolith without using any binder [10] . The absence of a binder anticipates that this material can be a proper clean host structure (i.e. only inert carbon in the monolith composition) to accommodate HKUST-1 nanocrystals in their cavities. In fact, the incorporation of binders, e.g. carboxymethyl cellulose or polyvinylalcohol may interact with the linker and metal salts, thus hindering the proper crystallization of the MOF. Herein we report different experimental approaches to reach an optimum nucleation and growth of the HKUST-1 using binderless activated carbon monoliths in order to prepare MOF@ACM hybrids. The main goal will be to promote the nucleation and growth of MOF not only in the exterior of the monolith (surface coating) but also in the inner cavities (preferentially macropores), that could be considered useful for any adsorption application. Adsorption properties, geometrical densities and mechanical stability of the as-synthesized hybrids will be thoroughly discussed.
Experimental
Synthesis of activated carbon monoliths (ACMs)
The synthesis of the ACMs was carried out following the procedure explained in our previous work [10] [11] . Briefly, a petroleum residue (ethylene tar) was carbonized in a pilot plant at 460 °C for 3 hours and at 1 bar of nitrogen. The resulting mesophase pitch (MP) was physically mixed with anhydrous KOH in a ball mill at 300 rpm for 30 minutes using KOH: MP ratio of 3:1 wt %. A disc-shaped mold with a diameter of 13 mm was filled with the required amount of the physical mixture to produce monolith of 1, 2 and 3 mm height. Taking advantage of its high plasticity, monoliths were prepared without using any binder by applying uniaxial compression of 400 MPa at room temperature. The monoliths were immediately placed into the horizontal furnace to allow the activating agent acting over the MP at 800 °C for 2 h with a heating rate of 5°C/min under inert atmosphere of 100 ml N 2 /min. The final activated carbon M A N U S C R I P T
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4 monoliths (ACMs) were carefully washed with distilled water several times up to reach pH~7, and dried in an oven overnight.
Synthesis of HKUST-1@ACM hybrids
Five different experimental approaches to produce hybrids were explored and studied. The knowledge gained was used to produce an optimum hybrid material whose mechanical stability and adsorption properties were evaluated. 
Approach 2:
The synthesis followed the same procedure as in approach 1 but the drying step of the preimpregnated monolith was avoided in order to keep ethanol in the pores.
Approach 3:
The synthesis followed the same procedure as approach 2 but when the pre-impregnated monolith was introduced into a Teflon autoclave, 3 ml extra of ethanol were added to the Cu aqueous solution.
Approach 4:
The synthesis followed the same procedure as approach 2 but when the pre-impregnated monolith was introduced into a Teflon autoclave, 0.1 g of BTC and 3 ml extra of ethanol were added to the Cu aqueous solution.
Approach 5: The synthesis followed the same procedure as approach 4, introducing an additional step which consisted in keeping the autoclave at 5 °C for 2h to favor the formation of small HKUST-1 nuclei and their migration towards the inner porosity of the carbon (ACM@nucleus). Thereafter, the autoclave was sealed and heated for the hydrothermal reaction at 110 °C for 18 hours. This approach was also tested using ACMs with a thickness varying from 1 to 3 mm. Therefore, approaches 1, 2, 3, 4 and 5 gave M A N U S C R I P T
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5 rise to the hybrids called A1, A2, A3, A4, A5(1), A5(2), A5(3), the number in brackets giving the thickness of the monolith on approach 5.
Sample characterization
The textural characterization was measured by nitrogen adsorption isotherm at 77 K using a homemade automatic volumetric equipment now commercialized by Gas to Materials Technologies (www.g2mtech.com). Before the adsorption tests, the samples were degassed for 12 h at 150 °C. The N 2 adsorption data were used to determine the total pore volume (V t ) at a relative pressure of 0.95, the specific surface area by applying Brunauer-Emmett-Teller equation (S BET ) and the microporosity by the application of Dubinin-Radushkevich equation (V N2,DR ). The difference between V t and V N2,DR is considered as the mesopore volume (V meso ). Thermogravimetric analysis was carried out using a METTLER TOLEDO TGA/SDTA851e/SF/1100, under inert atmosphere (100 ml N 2 /min) and at heating rate of 10 °C /min, unless otherwise stated. X-ray diffraction (XRD) patterns were recorded with a Bruker D8-Advance diffractometer equipped with a Goebel mirror (non-planar samples) with CuKα radiation (40 KV-40 mA). Measurements were made over a range of 5º<2θ<25º, in 0.05º step width with a 1º/min scanning rate. The bulk geometric densities were calculated using the monoliths dimension and weight.
Mercury porosimetry was measured using a POREMASTER-60 GT device from Quantachrome instruments. Crushing test of the hybrids was carried out using an adaptation of the D 4179-01 ASTM standard method. Attrition test of the hybrids was carried out using a sieve shaker Mod. RP.08 (CISA) using a sieve of 800 μm in which five stainless steel balls were kept in contact with one monolith during 30 minutes at half of the maximum power. The monolith was weighted before and after the test.
CO 2 and CH 4 adsorption
CO 2 and CH 4 adsorption capacity at room temperature up to 1 bar were measured. Before any adsorption experiment the hybrids were degassed at 150 °C for 12 h. The analyses were performed in a home-made fully automatic volumetric equipment, now commercialized as iSorbHP by Quantachrome
Instruments. A sample cell with a sectional area of 1.5 cm 2 was used in order to analyze the entire monolith. The Ideal Adsorption Theory (IAST) described by Myers and Prausnitz [12] was used to
calculate the selectivity factor of CO 2 over CH 4 . The predicted IAST isotherms were achieved from the equation:
Where η݅ , where π is the monolayer of the gas on the surface) is calculated graphically from the area under the curve, η݅ /ܲ vs. ܲ .
Results and discussions
The scanning electron microscopy (SEM) image ( Fig. 1 a) of the activated carbon monolith (ACM) used as a host structure for this study, shows the presence of a single carbon skeleton matrix formed by perfectly bonded carbon particles. The void spaces, coming from the KOH particles used for the activation step and also the products of the activation process (potassium, carbonates, etc.) can be clearly identified. ACMs exhibit a well-developed macroporosity (0.8 cm 3 /g) with a mean pore size ca.
0.37 μm according to Hg porosimetry results ( Fig. SI.1 ). Concerning the crystal size for HKUST-1, previous studies in the literature have described crystals ranging from 200 nm to several microns depending on the synthesis variables [13] . Comparing these two values it can be anticipated that carbon macrocavities are large enough to host HKUST-1 crystals; even mesopores could allocate small HKUST-1 crystals since 2.63 nm was reported to be the unit cell dimension of this particular MOF [14] . In order to promote HKUST-1 growing in the inner cavities of the carbon, a pre-impregnation of the ACM with the linker, trimesic acid (BTC), was carried out as a first step to synthesize MOF@ACM hybrids. This strategy would favor both the initial nucleation of the MOF in the whole carbon and a better anchoring of the crystal on the carbon surface.
Influence of ethanol in the ACM coating
To check the influence of ethanol in the crystal nucleation and growth of the HKUST-1, several synthesis approaches varying the amount of ethanol were performed. 
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7 Whereas in the approach 1 the BTC pre-impregnated monolith was directly immersed in the Cu aqueous solution, after the elimination of ethanol, in the approach 2 ethanol was kept in the pre-impregnated monolith; thereafter both syntheses followed the same procedure described in the experimental section resulting in the hybrids A1 and A2 (Figs. 1 b-d) . Unfortunately, none of them result in the desirable HKUST-1 morphology. SEM images reveal the formation of needle-like products in both cases, far from the tridimensional porous structure of the targeted MOF. These needle-like structures are formed due to a deficient BTC coordination process, i.e. one or two of the carboxylate groups seem to be connected to the Cu center, creating a zig-zag chain, giving rise to non-porous 1-D or 2-D polymers [15, 16] . 
Optimization of the ACM coating/bulk confinement
After gaining knowledge in preparing HKUST-1 crystals supported on ACM, additional effort has been carried out to improve the nucleation and growth of MOF crystals inside the inner cavities and on the surface of the ACM. For this issue, after immersing the pre-impregnated monolith on the Cu aqueous solution, the suspension was subjected to an additional quenching step at low temperature, to promote the formation of small MOF crystals. SEM images in Fig. 5 show the different steps of this approach to obtain the hybrid A5 (1) (1 mm thickness of the original ACM). Figs. 5 a and b show the interior of the monolith after 1 h at room temperature and after 2 h at 5 °C, respectively. As it can be observed, the carbon surface is covered with irregular-shaped particles with morphology completely different from the 1-D, 2-D polymers, described in the previous approaches. These particles are HKUST-1 nuclei and exhibit the same degradation temperature of the hybrid A4 (see the profile of the TGA of ACM@nucleus in Fig. SI.2) . After keeping the reactants and the ACM in contact at low temperature for 2h, the autoclave is sealed and placed into the oven to heat it up to 110 °C for 18 h to let the nucleus grow. SEM images (Figs. 5 c and d) reveal the formation of HKUST-1 crystals with homogeneous size of ca. 10 μm. It M A N U S C R I P T
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can be also noted that the thickness of the layer formed is ca. 200 μm growing toward the interior of the monolith. This value duplicates the thickness of the layer in the hybrid A4. A closer look at the internal phase of the monolith shows the presence of small crystals of MOF confined in the macroporosity (Fig. 5   d) . In other words, the incorporation of a cooling step allows the preparation of MOF@ACM hybrids where the ACM is completely covered (coating) and slightly impregnated (bulk confinement) with crystal of HKUST-1. The low temperature used limits the growth and favors the formation of a large quantity of nuclei, thus leading to the formation of small size HKUST-1 crystals that can penetrate deeper into the ACM. On the contrary, the hybrid A5(1) exhibits an excellent development of the porosity with a specific surface area of 1300 m 2 /g. The close knee in the isotherm at low relative pressures clearly denotes that the hybrid material exhibits a narrow microporosity. Surprisingly, it also exhibits a very remarkable hysteresis loop in the relative pressure range 0.5-1.0, possible due to new mesopores created in the intercrystalline space of the HKUST-1 [13] . The textural parameters obtained from the isotherms are summarized in Table 1 . In comparison with the parent HKUST-1 and ACM, the hybrid A5(1) exhibits less microporosity development (V N2, DR = 0.53 cm 3 /g), although it shows a similar total pore volume (V total , 0.95 = 0.70 cm 3 /g). It is important to note that the final hybrid exhibits a density of 0.45 g /cm 3 that almost duplicates the density of the parent ACM, 0.27 g /cm 3 .
In order to check the influence of the monolith thickness in the bulk nucleation/-impregnation process, ACM 1, 2 and 3 mm of thickness were used to synthesize the corresponding hybrids A5(1), A5(2) and A5(3), respectively. As it was expected, the best result in terms of porosity development (see Fig. SI.3) was reached using the ACM with the minimum thickness (1 mm). The differences in the BET area (Table   1 ) among these hybrids may be due to the different crystal imperfection of the HKUST-1 structure. X-ray diffraction patterns in Fig. 4 confirm the presence of the HKUST-1 in hybrids A5(1), A5(2) and to a lesser M A N U S C R I P T
11 extent in A5(3). In the last sample, X-ray diffraction pattern also shows the peak corresponding to the non-porous polymer, thus explaining its low surface area.
In view of the excellent combination of density and porosity of sample A5(1), the mechanical properties of this sample were evaluated. The crushing resistance test was chosen because it gives a measure of the compressive forces that can withstand a material before collapsing, fracturing or crushing.
Surprisingly, A5 (1) properties compared to the pure carbon monoliths, which is very advantageous towards a future practical application.
Adsorption properties of the HKUST-1@ACM hybrids
In order to evaluate the adsorption performance of the new hybrid materials, CO 2 and CH 4 adsorption isotherms of the parent ACM and the hybrid A5(1) were measured at room 25 °C. The adsorption isotherms up to 1 bar for the single component are shown in Fig. 6 a. It can be noted that in both samples the CO 2 adsorption capacity is much larger than that for CH 4 , which makes the monoliths highly attractive for CO 2 purification from natural gas. The superior performance of the ACM is due to its larger apparent surface area (2000 m 2 /g) and micropore volume (0.74 cm 3 /g), as compared to the hybrid M A N U S C R I P T
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12 for CH 4 is still superior in the ACM (almost double) compared to the hybrid system. Therefore, the IAST (Ideal Adsorbed Solution Theory) [12] calculation method was applied to the single component isotherms to estimate the selectivity for the CO 2 /CH 4 separation process. The selectivity factor of CO 2 over CH 4 was calculated as:
where ܲ ு ర and ܲ ை మ are the spreading pressures of each pure component obtained from the IAST predicted isotherm and they were calculated graphically as it was described elsewhere [12] . Although low, the selectivity factor for an equimolar gas mixture CO 2 /CH 4 at 1 bar is superior in the case of the hybrid A5(1) S ~ 5.5 compared to the value (S ~3.5) for the ACM. These values are similar to those obtained by Venna et al. [19] for membranes of ZIF-8 over alumina. Moreover, in the literature were reported experimental selectivity factor values ca. 5.5-6.5 at 1 bar for an equimolar gas mixture CO 2 /CH 4 for pure HKUST-1 in the powder form [20] [21] . Overall, adsorption results suggest that the hybrids MOF@ACM can be a good alternative to overcome the problems associated with MOF, i.e. problems associated with a conforming step, but with clear advantages in terms of a higher CO 2 /CH 4 selectivity and improved mechanical properties, that allow maintaining the integrity of the monolith during the routine industry handling and manipulation.
Conclusions
The synthesis of MOF@ACM hybrids was successfully achieved. The resulting monolith showed better performance than its parent materials for practical application. On the one side, the HKUST-1 in the hybrid is already conformed in disc-shaped without any conforming step. On the other side, the hybrid exhibited enhanced mechanical properties and a higher CO 2 /CH 4 selectivity factor than the ACM preserving the adsorption properties of the pure HKUST-1. Currently, we are exploring others metalorganic framework supported on activated carbon in order to enhance or preserve their excellent adsorption properties but improving their mechanical stability.
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